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INTRODUCTION

Bands have been observed during unidirectional solidification
of eutectic Al Cu alloys. These bands are almost planar and per-
pendicular to the growth direction which is along the long axis of
the solidified ingot (Figure 1). Such bands had actually been seen
elsevhere 1) and were interpreted as due to convection currents in
the 'liquid metal because of changes in the density of the solidi-

fying metal.

A closer look at the temperature - time charts in the present
case showed that in the cases where these bands were seen the temp-
erature was not kept constant but showed some oscillations. It
was then important to see if.these oscillations were actually the
reason for banding which could then be eliminated or if convection
currents were the reason for the banding so thai a different ap-

proach would have to be used to eliminate the banding. -

To this end experimental observations were made which showed
that actually the fluctuations in the temperature were the reason
for banding. A theoretical analysis was then carried out to cal~
culate the amplitude and frequency of the permissible temperature

oscillations which would not produce any banding.



Experimental Observations

The bands have been observed in a few different samples.

A typical one is the Gl-2-T2-2 sample, micrographs of which are
given in Figure 1., The wavelength of the bands is seen to vary
along the sample. It is about 100 microns in the cold side of the
specimen and rises up to about 250 microns at the other end. A
closer look into the structure of the bands with a magnification
of 660X shows (Figure 1) that at the band most of the lamella
stopped growing suddenly while some of them grew into a globula}
fdrm. A structure similar to this one was observed byvChadwick.(Z)
In the latter study single crystal of Cu Al, - Al eutectic alloys
were obtained in which the lamella had grown parallel to the long
axis of the ingot. The single crystals were partially remelted to
about half their length and then allowed to resolidify. The struc-
ture of the meltback position looks very similar to the structure
of the bands observed here in the sample G1-2-T2-2, wevhave then

a process of melting back for a short duration and then regrowing

of the lamella again until next meltback occurs and so on,

The power on the heating element had to be reduced at a given
rate during solidification in order to achieve the required decrease
of the temperature with time. To this end the power was put on and

off at given intervals., The interval of time when the power was on



decreased with time while the total on-off interval was constant.

In the solidificatioﬁ of the G1-2-T2-2 sampie the total on-off per-
iod was 19 secondé. This resulted in oscillations in the temperature
of the heater‘with an amplitude of about :_2°C. During former runs
when no banding was observed the on-off period of the power was about
1 second. In such cases the temperature of the heater showed oscil-

lations with an amplitude of about + 0.5°C.

Te check if the bands are related to the temperature oscillations
another run was made using the sample D5-1-T3-1. This time the temp-
erature controiler was not used and instead, the temperature was re-
duéed by lowering the voltage on the heating element at a given rate.
Also, twice during the experiment, the temperature was given a small
spike. Micrographs taken from this sample after solidification are
given in Figure 2. One can see that no banding is visible along the

ingot except at two places, The distance between the two bands is

18.6 mm.

A look at the temperatuve-time chart of this run shows that the
two temperature spikes occur at T=645°C and at T= 597°C, the time in-
terval betwegn the spikes being of 26 minutes, This yields a cooling
rate of 1.84 °/min. Assuming that the two bands seen in the sample are
due to these two temperature spikes one finds that the temperature gradi-
ent in this intevnal is about 25.8 °/cm and the growth rate is 11.8

microns/sec. or 4.2 cm/hr.



Experimentally the run with the sample D5-1-T3-1 was similar to
the run of the sample G1-2-T2-2. Consequently we assume that in the
latter sample the growth rate was also of 11.8 microns/sec. As men-
tioned above in this sample the on-off period of the heater was
19 secoﬁds; The periodib disturbance of the temperature should then
produce bands with a wavelength of ll.é X 19 = 224 microns. This is
similar to the wavelength of the bands observed actually near the end
of the specimen (about 250 microns as mentioned above). We can then-
conclude that the temperature disturbances due to the temperature con-

troller are the cause of the banding observed in the specimen G1-2-T2-2.

Theoretical Calculations

An accurate analysis of the effect of the temperature oscillations
on the solidification process is complicated because- of the many factors
involved. Also the full amplitude of a tempefature fluctuation will not
be felt at a growing S/1 interface, and the fluctuations will be par-
tially absorbed and damped out by the thermal boundary layer. In pure
materials such fluctuations will have only a small effect, but in alloys
the solute distribution in front of the S/1 interface will be greatly

affected.

Several analyses of this effect have been carried out in recent
(3,5) : (4) 4na
years. The most elaborate one is due to Hurle et al. an
we will use their theory to analyze our case of Al-Cu Al, eutectic alloy

solidification.



In this theory one writes down the equations for thermal and
mass flow when a planar solid-liquid phase boundary moves with con-

stant velocity v/ along a given axis (z). The assumptions made are:

(1) The flow is only in one direction, (z),
(2) There is no mass-diffusion in the solid.
(3) There is no kinetic undercooling of the interface.

{4) The temperéture varies linearly in the region of interest.

After the steady-state solution is obtained, the fluctuation
in the temperature is introduced as a first order perturbation in the

temperature and composition, so that the temperature is now

T

T(®) + T(1) and the composition is

c =cO ,c)

where T(1) and c(1) are the perturbations, assumed to be small., The
velocity of the interface will then be

v = vA9) + (1) = 0) + dg/dt
where # and v(1) are measured relative to the frame of coordinates
moving with the unperturbed velocity v®, It must be emphasized here
that while the distance §# (t) is small as a perturbation, (1) is not

necessarily so.

These perturbations yield new boundary conditions which are then
used to solve the equations of heat and mass flow under the new as-
sumption that the fluctuation in the temperature of the liquid is per-
iodic with time, i.e.

Ti(l) =0 e iwt



If melting-back occurs then the change in fhe concentration in the
solid Cs(l) will be dependent on the previous freezing and will have

a complicated dependence on time. So in order to obtain some solution
one assumes that melting - back does not take place. Under this as-
sumption one obtains different equations which make it possible to

calculate the values of

1 v @) 1 /Cél) and also of the root mean square
2] v and © T

1

concentration gradient versus W where W is the frequency of the

oscillations.

For the case of the Al-Cu Al, eutectic alloy with oscillations of
a period T = 1 Sec, v(0) = i.18 10-3 cm/sec. we find that 1 V(l);t 1.6,
so that for € = 0.6°C.we will have /v'(l)/ pd /v(o% i.e. melting-back
will occur. For the case of T = 19 sec (the case where bands were seen)
we obtain that melting back will occur if 6 2 0.8°C. Indeed, in this
case, as mentioned above, we had 6 4= 2°C which prodpcgd banding due to

melting-back.

We must warn here though that in the theory it was assumed that
melting-back did not occur so that these numbers should not be taken too
seriously . But nevertheless they should give the order of magnitude of
the permissible frequencies and amplitudes of the temperature oscillations

in order that melting-back should not occur,



Even when there is no remelting, bands could be produced by

temperature oscillations for the following reason.(s)

In the unidireétionéi solidification of a eutectic alloy the
solid forms as horizoﬁtal layers of the two resulting phases A and
B, one on top of the other. These layers end as a vertical planar
front which constitutes the solid/liquid interface. It is well es-
tablished now (6) that the layers of A and B grow simultaneously so
that'in‘the’liquid phase we have an A poor (B rich) region in front
of the A phase layer and a B poor (A rich) region in front of the
B phase layer. We have then a solution rich layer (A rich & B rich

alternately) in front of the solid liquid interfaces.

This layer dissolves by lateral diffusion building up the
solid phase, resulting in the advance of the solid liquid interface.
At the same time a new layer is built constantly, making the process

of solidification a continuous one.

In normal growth the solute rich boundary layer dissolves ahd
builds up at a rate comparable to the rate of advance of the solid/
liquid interface., But when temperature oscillations exist, as in our
case, there will be times at which the interface is advancing more
rapidly fhan the boundary layer is dissolving (moving). As a conse-
quence, the solute rich layer becomes trapped in the solid and pro-

duces a band. But acutally there is diffusion in the solid so that



bands which are narrow enough will diffuse out completely and be
eliminated., From simple diffusion equations one finds that (7)
bands with a wavelength of the order of 100fmicrons or sméller will

be eliminated by solid state diffusion.

Given the rate of growth of 12 microns/sec. we will then expect
that temperature oscillations of periods less than eight secoﬁds will
produce bands which will be eliminated by diffusion. This‘is ﬁrue
though if there is no melt-back, i.e; if the temperature oscillations
have amplitudes smaller than :_0.6‘C. Otherwise, as we‘have seen
above, we will have a structural morphology completely different from
parallel lamella so that the probability that solid state diffusion

will rehabilitate the parallel lamella becomes very small,

More generally, we will expect to obtain parallel lamella for
rates of growth roughly between 1 cm/hr to 50 cm/hr for the normally
used temperature gradients. At higher freezing rates the lamella de-
generate into rods when some impurities are present in the melt(s’g’lo)
and at low freezing rates we obtain some spheroidization.(ll) This
implies that to obtain lamellar eutectic solidification without band-
ing we must have a control of any temperature oscillations such that

their amplitude is smaller than about + 0.5°C and their frequency

higher than about 2 cycles/sec.
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Figure 1. Banding in unidirectionally solidified Al-Cu eutectic alloy with
temperature oscillations.
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Figure 2. Unidirectionally solidified Al-Cu eutectic alloy with no temperature
oscillations except for two intentional spikes at A and B
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